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• The primary objective of this study was the synthesis of Sm 1-x Sr x CoO 3-y and La 0.6 Sr 0.4 CoO 3-x perovskite nanopowders by the low-temperature citric acid sol-gel approach. Thermal decomposition behavior of the gel was investigated by DSC-TGA method. Development of crystalline phases on heat treatments of the gel at various temperatures was followed by X-ray diffraction. Morphology of the powders was also characterized by scanning electron microscopy (SEM).
Experimental Methods

Powder Synthesis
The starting materials used in the synthesis were reagent grade metal nitrates Sm(NO 3 ) 3 Figure 1 . Appropriate quantities of the metal nitrates, to yield 100 g of the final SSC or LSC oxide powder, were dissolved in deionized water. Calculated amount of citric acid, 1.5 moles per mole of metal nitrate, was also dissolved in deionized water. The citric acid solution was slowly added to the metal nitrate aqueous solution under constant stirring. The resulting clear and transparent red colored solution was heated at 80 C for several hours. The solution became increasingly viscous due to polymerization reaction and slowly changed to resin like consistency. Dark brown nitrous oxide fumes were also formed from the decomposition of nitric acid which was produced by the reaction of metal nitrates with citric acid. The gel was calcined at 300 C for ~15 hr when it converted into black powder. No change was apparent in the gel after further heat treatment at 550 C for 20 hr in air. Small portions (~1 g) of this powder were heat treated in air at various temperatures between 700 and 1500 C for 1 hr to study the development of crystalline phases.
Characterization
Simultaneous differential scanning calorimetry and thermal gravimetric analysis (DSC-TGA) of the gel were carried out using Netzsch STA 409C system which was interfaced with computerized data acquisition and analysis system at a scan rate of 10 C/min in air. Powder X-ray diffraction (XRD) patterns were recorded at room temperature using a step scan procedure (0.02/2θ step, time per step 0.5 or 1 s) in the 2θ range 10 to 70 on a Philips ADP-3600 automated diffractometer equipped with a crystal monochromator employing copper K α radiation. Microstructural analysis was carried out using a JEOL JSM-840A scanning electron microscope (SEM). Prior to analysis, a thin layer of Pt or carbon was evaporated onto the SEM specimens for electrical conductivity.
Results and Discussion
Thermal Analyses of Gels Figure 2 shows the DSC/TGA curves recorded at a heating rate of 10 C/min in air from room temperature to 1200 C for the pink SSC resin obtained during sol-gel synthesis. Similar results were obtained for the LSC composition and will not be reported here. A small endothermic peak at ~115 C is present in DTA which is accompanied by a small weight loss of ~2 percent due to the evaporation of residual absorbed and hydrated water. Between 130 to ~375 C, several strong exothermic peaks are present in the DTA. Each exothermic event is accompanied by weight loss step in the TGA. These exothermic events are probably associated with the combustion and/or oxidative decomposition of the various metal citrate chelates, excess citric acid and other organic residuals. The small exotherm at ~475 C is probably due to the crystallization of the complex oxide SmCoO 3 through the reaction of samarium and cobalt oxides formed from the decomposition of metal chelates. This is supported by the fact that this exotherm is not accompanied by any weight loss event in the TGA. On heat treatment, strontium citrate chelate is first converted into SrCO 3 . Part of this SrCO 3 reacts with samarium and cobalt oxides to form complex metal oxide phases. The unreacted residual SrCO 3 decomposes into SrO at higher temperatures as indicated by a small endothermic peak at ~900 C in DTA. The total loss of sample weight up to 1200 C is 73 percent.
Phase Formation and Microstructure Analysis
X-ray diffraction patterns of LSC and SSC gels after thermal treatments at various temperatures from 550 to 1400 C are shown in Figures 3 and 4 , respectively. The results for the development of crystalline phases as a function of heat treatments are summarized in Table I . After calcination at 550 C, the pink LSC resin decomposed into La 0.6 Sr 0.4 CoO 3-x , Co 3 O 4 , SrCO 3 whereas Co 3 O 4 , SmCoO 3 , and SrCO 3 were formed in the SSC system. Small unknown peaks were also present in both systems. After heating at 700 C, no additional phase was observed in the LSC system, whereas Sm 0.5 Sr 0.5 CoO 3-x , SrCO 3 , and Co 3 O 4 phases were detected in the SSC system. On heat treatment at 900 C, SrCO 3 which was formed at lower temperatures, decomposed to SrO and reacted with other oxides to form SrLaCoO 4 After each thermal treatment, the average particle size was evaluated from X-ray line broadening using the Scherrer formula (Ref.
where t is the average particle size, λ the wave length of copper K α radiation, B is the width (in radian) of the XRD diffraction peak at half its maximum intensity, and θ B the Bragg diffraction angle of the line. Correction for the line broadening by the instrument was applied utilizing a large particle size silicon standard and the equation:
where B M and B S are the measured widths, at half maximum intensity, of the lines from the sample and the standard, respectively. Values of average grain sizes of the as synthesized SSC and LSC powders and of those after heat treatments at various temperatures are summarized Table I . The average particle size of the powders was ~15 nm after 700 C calcinations and slowly increased to 70 to 100 nm after heat treatments at 1300 to 1400 C. The X-ray line broadening method can be used only for the size determination of small crystallites (~100 nm). Besides, the values obtained are not the real particle size, but the average size of coherently diffracting domains; the latter being usually much smaller than the actual size of the particles. The size of both SSC and LSC powders obtained in the present study was similar to those processed earlier by the solution combustion synthesis method (Ref. 4) . The SEM micrographs of La 0.6 Sr 0.4 CoO 3-x and Sm 0.5 Sr 0.5 CoO 3-x powders prepared by sol-gel synthesis after thermal treatments at 550 C for 20 hr, 1000 C for 1 hr, and 1200 C for 1h in air are shown in Figures 5 and 6 , respectively. The as-synthesized powders as well as those after heat treatment at 550 C were highly porous and quite small in size. The particle size increased with increase in heat treatment temperature. Heat treatment at 1200 C resulted in large grain growth and densification of both the powders.
Summary and Conclusions
Nano-powders of La 0.6 Sr 0.4 CoO 3-x and Sm 0.5 Sr 0.5 CoO 3-x compositions have been synthesized by lowtemperature sol-gel process. Thermal decomposition of the gels was followed by simultaneous DSC/TGA methods. X-ray diffraction was used to follow the development of crystalline phases on heat treatments of the gel powders at various temperatures. Powders calcined at 550 to 1000 C consisted of a number of phases. Powders containing single perovskite phase La 0.6 Sr 0.4 CoO 3-x or Sm 0.5 Sr 0.5 CoO 3-x were obtained at 1200 and 1300 C, respectively. Morphological analysis of the powders calcined at various temperatures was done by scanning electron microscopy. The average particle size of the 700 C calcined powders was ~15 nm which slowly increased to 70 to 100 nm after heat treatments at 1300 to 1400 C. a Phases in decreasing order of peak intensity b Calculated from Scherrer formula using FWHM of XRD peak in 47 to 48 2θ range.
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